A lipolytic Pseudomonas sp. has been successfully immobilized in strontium alginate gel bead for use in the production of lipase. This paper reports on the various conditions required for its optimum production. A 3% alginate gel concentration with a 20% (w/v) cell loading gives the highest production of lipase. The production of lipase can be enhanced by aeration and shaking but mass transfer effect may be dependent on the ratio of cell mass and bead size. Prolonged recycling with aeration accelerates the rupturing of the beads compared to non-aerated system. A maximum production of lipase is given by 1.5 g of immobilized bacteria in 50 ml of culture broth. The immobilized bacteria can withstand recycling up to 24 days, (72 h cycle), after which time the beads ruptured. The production, however, remains at 70%.
Yamane (18) reported that research in the microbiology, biochemistry and biotechnology of lipases and their industrial applications are quite active in Japan. This is also true in many parts of the world. One factor put forward by Yamane was the high cost of enzymes in the biotransformation for the lipid industry. Production of enzymes through immobilized cell system may help to offset the high cost of production.
Entrapment of cells in alginate gel beads is the most widely used method of immobilization since it is mild, inexpensive, non-toxic and is easy to perform (3, 6, 15) . Alginate gel has been used to immobilize many kinds of microbial cells using appropriate gel inducing agents and has many potential applications (13 (14) , it was possible to produce beads with enhanced mechanical stability. This paper reports on the optimum conditions for the production of lipase by alginate-immobilized bacteria.
MATERIALS AND METHODS
Culture of bacteria. A lipolytic Pseudomonas sp. (isolated from a palm oil mill effluent) was grown in 50 ml of nutrient broth (Difco) for 18 h at 45°C in an orbital shaker (100 rpm).
Cell immobilization. Wet cells were harvested by centrifuging the 18 h culture broth at 10,000 rpm for 10 min. The cells were resuspended in presterilized alginate solution (2-5% w/v) to make a 20% (w/v) cell suspension (9) . The cell slurry was extruded dropwise through micropipetters (5 ml, 1 ml syringe) into sterile CaC12 or SrCl2 solution (0.1-0.3 M). Immobilized cell beads were left for 2 h to complete gelation, after which the beads were washed twice with sterile nutrient broth.
Production of lipase. Immobilized cells (0.5-2.0 g) were inoculated into 50 ml medium containing 1 % glycerol trioleate (Fluka) and 1 % yeast extract (Difco), pH 7.0, in a 250 ml flask. Culture was shaken (200 rpm) at 45°C in a reciprocal water bath shaker. Lipase activity was assayed at 24-h intervals.
Assay for lipase activity. The lipase activity was assayed according to Kimura et al. (7) with slight modifications. Culture filtrate (1 ml) was shaken with 2. Effect of size of beads: wet cells (0.8 g) were immobilized in 3 % alginate solution (20% cell conc. w/v) and extruded in different sizes of micropipetter tips (5 ml and 1 ml) and 1 ml syringe, giving the sizes of 6 and 4, 3 and 2 diameter, respectively. Beads were cured in 0.3 M SrC12 for 2 h.
Effect of aeration : Sterile air was bubbled through sterile filter (0.22 itm) into culture broth to improve aeration.
Recycling. Alginate gel beads in an optimized condition were recycled after every 72 h. Beads were taken out from the culture medium, washed twice with sterile nutrient broth and were left in 0.3 M SrCl2 for 2 h to strengthen the gel. Beads were then reinoculated into fresh culture broth for the next batch of lipase production. Lipase activity was assayed at 24-h intervals. The washing and the strengthening procedures were carried out after every batch cycle.
Comparative study on production of lipase by free and immobilized cells. An equivalent number of cells (0.8 g) were used as free cells and immobilized cells and were inoculated into 50 ml culture broth for production of lipase. Their productions were compared. RESULTS 
AND DISCUSSION
Cell immobilization A temperature of 108°C (11) was found suitable to sterilize sodium alginate solution (previously stirred for 6 h or more). Higher temperature of 121°C was found to weaken gel beads. Shirai et al. (14) reported that no channels were formed in alginate gel when the alginate solution was sterilized by autoclaving (121°C). This suggests that high temperature affects the degree of polymerization, thus preventing the formation of porous alginate gel. Alginate gel beads cured in 0.3 M SrCl2 solution were found to be superior in mechanical strength towards phosphate effect compared to calcium alginate (0.3 M) beads (Table 1 ) and were thus used as the gelling agent in the subsequent studies. Empty spaces or channels formed were more in strontium alginate compared to sodium alginate gel (14) . Concentration of SrC12 solution and curing time were found to be interrelated (Fig. 1) . A 2 h curing time in 0.3 M solution was found suitable. Lower concentration of SrC12 solution took more than 6 h to complete gelation. However, strontium alginate gel beads were still weakened by the presence of phosphate ions in the culture broth (Table  1) ; thus, a medium free from exogenous phosphate was used for lipase production throughout the study. The absence of additional phosphate ions (apart from endogenous phosphate in yeast extract) in the production medium did not affect lipase production (Table 2) .
Optimization conditions for lipase production Effect of cell concentration. Production of lipase was highest with a 20% cell concentration (Fig. 2) . Beads formed were stable and easy to perform. Production was reasonably high at a 10% cell concentration but was very low at 5 % cell concentration. Production also decreases with a higher concentration of 30%. In higher cell concentrations, beads were found to be coated with whitish layer after 72 h and cracking lines appeared on the beads. Furui and Yamashita (4) suggested that when alginate gel is highly loaded with microorganisms, diffusion rate of substrate and product becomes limited. It has aslo been shown that both respiration and growth rates of immobilized cells decrease with increased cell concentration (12) and this results in low productivity. Jamn and Ghose (5) found a ratio of 1: 1 cell concentration to be suitable for the immobilization of Pichia etchellsii cells. Effect of inoculum size. Figure 3 shows that the optimum inoculum size is 1.5 g of immobilized bacteria in a 50 ml medium. Increasing this inoculum size to 2.0 g resulted in higher lipase production but the yield was still lower compared to 1.5 g of inoculum. This result showed that there is an optimum amount that can benefit maximally from certain amount of nutrient supply. Kopp (9) observed that increasing the amount of alginate-immobilized cells in the medium to more than 40% (w/v), leads to an impaired nutrient supply and thereby to a reduced production capacity. Effect of concentration of alginate. Concentration of alginate solution determined the pore size of the gel (17) . Figure 4 shows that the highest production occurred when a 3 % alginate gel was used to entrap bacteria. Lower concentration of alginate gel was less viscous and beads were softer. A 1 % alginate gel bead was easily ruptured within 48 h. Production was also low and this could be due to the cell leakage through the bigger pores (4). With higer concentrations, alginate solution is very viscous and formation of spherical beads was difficult (15) . A 6% alginate solution failed to form beads but formed long continuous gel instead. Production was also low. Pores are smaller, making diffusion of substrate and product difficult.
Effect of bead sizes. Beads of sizes 2, 3, 4 and 6 mm were produced. There is no marked difference in the production among the first three beads (Table 3) . However, there is a sudden drop in production by the 6 mm beads. This may be due to the fact that mass transfer in bigger beads is limited and only cells on the outer layer surface are active and are in optimal condition for operation (1) . Other workers have used smaller sized beads. In this study, an agitation rate of 200 rpm was used and it is possible that mass transfer can be improved with the higher agitation rate. Effect of bead sizes becomes more prominent when applied to packed bed reactor columns. Effect of aeration. Production of lipase was negligible when cultured under static condition. Figure 5 shows that the lipase production increased with the increase in the shaking rate. Highest production was obtained when shaken at 200 rpm. Further increase in agitation rate was not possible as the 50 ml medium tends to touch the stopper. Agitation helps to mix the culture broth homogeneously, thus preventing the accumulation of metabolites within the beads which may affect cell growth. From these results it can be concluded that the increase in lipase production at higher agitation rate could also be due to the improvement of the diffusion rate of air supply to the immobilized cells. However, the data shown in Table 3 must be taken into consideration. It is probable that there are limiting cell mass and bead size before mass transfer effect comes into play. Production can be further improved by bubbling sterile air into the culture broth (Fig. 5) ; under this condition, maximum lipase production was obtained faster (48 h). However, aeration by this way fastens the rupturing of beads during prolonged recycling process (Fig. 7) . This is probably due to the physical effect as well as increase in acidity within the beads that weakens chelation. The acid is produced by the growing cells.
Production of lipase by immobilized and free cells. Figure 6 shows that lipase production by immobilized cells was about double that of free cells. However, this peak production was obtained at a later time: that is, 72 h compared to 24 h by the free cells. This result is in agreement with the study on the dehalogenation of chlorobenzoate by alginate-immobilized Pseudomonas sp. (16) , whereby cells immobilized in 3 mm beads in 3 % alginate gel gave higher activity than free cells. The reason for better activity could be due to immobilized cells being protected from the toxic effects of the surrounding environment (16) .
Recycling. The stability of the alginate-immobilized bacteria in a batch recycled system was studied. Figure 7 shows the lipase production versus number of batch cycles. For the immobilized cell system, the production increases up to the 4th cycle. In the system where aeration was provided, the pattern was similar, though there was a large increase on the 6th cycle. The behavior is generally observed in an immobilized cell system (10) . It is interesting to note that although the beads ruptured, activity remained at 60% (of the maximum production level observed). Strontium does not affect lipase production; as such, it can be added to the culture medium to maintain the integrity of the beads. 
CONCLUSION
Strontium alginate gel beads were found to form a simple and efficient support for the immobilization of a Pseudomonas sp. for use in the production of lipase. A cell concentration of 20% (w/v) in a 3% sterilized alginate solution formed 4 mm spherical beads with optimum production of lipase at an agitation rate of 200 rpm. Production was further enhanced by bubbling sterile air into the culture broth but this hastened the rupturing of beads during prolonged recycling process. However, aeration may not be the critical factor as the comparison study showed an increased lipase production of 70% in alginate-entrapped cells as compared to free cells. The immobilized bacteria showed good reusability characteristics when it can be recycled for 8 cycles (72 h per cycle) in a 24 days duration, retaining a high activity of 70% of the initial activity.
